We investigate a new class of quasi-aperiodic nanorod structures for emission enhancement. Using inverse design we identify one optimized structure which produces a 1.48X enhancement in extracted power relative to a periodic array.
Introduction
Photonic structure can have dramatic effects on emission, with wide-ranging implications for fluorescence, lasing, and LEDs. In previous work, we examined a nanorod emitter system consisting of an array of GaN nanorods containing radial InGaN quantum wells (QWs) [1] . We found that designing the array to support a guided resonance mode enhanced the spontaneous emission rate up to a factor of 2.8X relative to a uniform slab. However, this enhancement was accompanied by a sharp dip in extraction efficiency. We attributed this behavior to the fact that the mode was theoretically uncoupled: forbidden by symmetry to couple to normal radiation [2] .
In this work, we demonstrate a quasi-aperiodic nanorod design optimized for emission. We adopt an inverse design procedure motivated by Lorentz reciprocity in combination with a random walk optimization algorithm. We present one optimized structure which achieves maximum theoretical extraction efficiency while maintaining a high spontaneous emission rate. Direct emission calculations verify that the optimized design produces a 1.48X enhancement in extracted power relative to the periodic array.
Method
We begin by considering the system shown in Figure 1(a) . The system consists of a square array of hexagonal core-shell nanorods. Each GaN nanorod (gray) contains an InGaN QW (red). The lattice spacing is a, the rod height is h, and the center-to-vertex length of the nanorod cross-section is r. For the structure considered here a = 280 nm, r/a = 0.268 and h/a = 0.5 [1] . Figure 1(b) shows the electric-field intensity distribution at a normalized frequency of ωa/2πc = 0.697, which corresponds to a Γ-point mode of the system. The mode has strong field intensity at the location of the QW, resulting in increased spontaneous emission [1] . However, the mode is uncoupled [2] at normal incidence, yielding a low extraction efficiency. In order to preserve high electric-field intensity within the QW while increasing extraction efficiency, we consider quasi-aperiodic structures. An example is shown in Figure 1 (c). The resulting structure has a complex unit cell containing 4 rods. While the unit cell appears aperiodic, the overall structure is now periodic with lattice constant 2a. To model the emission from the nanorod structures, we can use a conventional forward simulation. An electric dipole source is placed within a QW and the emitted field is observed in the far-field zone [3] . Since LED emission is incoherent, each simulation includes a single dipole. Additionally, the lattice is finite in extent and truncated with perfectly-matched layers on all boundaries. Multiple simulations are run with the dipole in different locations. Fluxes and field intensities are then summed incoherently over the simulations. For quasi-aperiodic arrays, the number of simulations scales by a factor of N, the number of rods in the complex unit cell.
In order to optimize the quasi-aperiodic arrays, we instead use a quicker inverse simulation method motivated by Lorentz reciprocity. The dipole source is placed in the far-field zone, and the electric field is monitored within the structure at multiple QW locations, greatly reducing computational cost. Moreover, we can approximate the incident field as a plane wave and use periodic boundary conditions, reducing simulation size. This approach allows quick identification of best guess optimized structures. Using this inverse design approach and the finite-difference timedomain method we employed a random walk algorithm to maximize the integrated electric field intensity within the QWs. For the inverse simulations, we used a plane wave with a normalized frequency / 2 0.697 a c
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and a FWHM 0.075
, where per Z refers to the resonant frequency of the periodic array. As a figure of merit (FOM), we integrate the electric field intensity over the QW region in each simulation and normalize by the same quantity for the original, periodic structure. The FOM converges to a value of 1.6 after approximately 60 iterations. Figure 1(c) shows a schematic of the optimized quasi-aperiodic array. Figure 1(d) shows the electric-field intensity distribution at a normalized frequency of ωa/2πc = 0.707, corresponding to a Γ-point mode of the system
Results
To compare the total emission produced by the optimized structure to the initial periodic array, we perform forward simulations. Both systems consist of finite arrays with 9x9 unit cells and perfectly-matched layers on all boundaries. The center frequency of each dipole source is selected to align with the corresponding Γ-point mode of the respective structure. Figure 2(a) shows the incoherently summed total dipole power (TDP) produced by each system. TDP is calculated using a surrounding flux box and is proportional to the spontaneous emission rate. Dashed lines indicate the center frequency of guided-resonance modes in each system. The amplitude of the guidedresonance mode in the optimized structure is slightly lower than that in the periodic array. However, integrating the TDP over frequency yields less than a 1% difference between the two structures, suggesting the original mode has been redistributed. Figure 2(b) shows the extraction efficiency (EE) in both the periodic and optimized geometries. The EE is calculated using a flux monitor plane positioned slightly above each array and dividing the flux it captures by the TDP. A dip in EE is visible at the resonant frequency of the periodic array due to the mode being uncoupled to the normal direction. The EE of the optimized array is significantly higher than that of the periodic array. Moreover, the optimized array achieves an EE of 50% near its guided-resonance mode frequency. Since our system is symmetric, consisting of rods in air, an EE of 50% corresponds to perfect light extraction. Figure 4(c) shows the extracted power (EP) for both the uniform and optimized structures. EP is the product of TDP and EE and is calculated using the upper flux monitor plane described previously. If we integrate the total EP in both geometries, we find that the optimized structure produces nearly 1.48X more extracted power than the periodic array. 
Summary
We have demonstrated a new class of quasi-aperiodic nanorod structures for emission enhancement. We present one optimized structure which produces a 1.48X enhancement in extracted power relative to a periodic array.
